Highly flexible, binder-free, MoO3 nanobelt/graphene film electrode is prepared by a two-step microwave hydrothermal method. Graphene is first prepared by an ultra-fast microwave hydrothermal method and then mixed with MoO3 solution to synthesize the MoO3 nanobelt/graphene composite, which exhibits the combination of stacked graphene sheets and uniform MoO3 nanobelts with widths of 200-500 nm and lengths of 5-10 μm. The charge-discharge measurements show that the as-synthesized MoO3/graphene hybrid materials demonstrate excellent rate capability, large capacity, and good cycling stability compared to the pure MoO3 film. An initial discharge capacity of 291 mAh g-1 can be obtained at 100 mA g-1, with a capacity of 172 mAh g -1 retained after 100 cycles. The results show that the MoO 3/graphene designed in this study can be used as a free-standing cathode material in rechargeable bendable Lithium batteries. © 2012 Published by Elsevier B.V. All rights reserved.
Introduction
The invention of rechargeable lithium ion batteries has actively changed the functionality of the modern life style [1] , with such batteries attracting great interest as a promising energy source due to their advantages over traditional rechargeable systems, such as environmental friendliness, large energy density, and high output voltage. Many efforts have been made to meet the requirements for their application in electric vehicles and electronic devices [2] . Recently, there has been a strong interest in and high demand for ultra-thin, flexible, safe energy storage devices to meet the various design and power needs of modern electronic devices [3, 4] . To build such fully flexible and robust electrochemical devices, electrodes with specific electrochemical and mechanical properties need to be explored to fulfil these requirements. Traditional Li-storage material electrodes suffer from serious cracking and poor physical properties when they are frequently bent or loaded by impact bending, which is mainly due to weak bonding between the materials and the current collector. A thin free-standing electrode film with complete mechanical flexibility during operation could solve these problems. Nanostructured electrode materials, particularly one-dimensional (1D) nanowires/nanorods/nanobelts [5] [6] [7] [8] , are considered to be the most promising avenue towards fabricating free-standing electrodes. The 1D nanowire, nanorod, or nanobelt morphology not only has a large electrode−electrolyte contact area and facile strain relaxation, but also efficient 1D electron transport pathways [5, 6] .
So far as free-standing cathode materials are concerned, there have been very few reports in the literature [9] [10] [11] . Therefore, it is still a great challenge to explore an appropriate free-standing cathode material with high electrochemical performance for commercial application in bendable and wearable batteries. Among the known cathode materials for Li battery applications, molybdenum trioxide (MoO 3 ) is one of the most important energy storage candidates, with high discharge capacity around 300 mAh g -1 [12] [13] [14] [15] [16] . MoO 3 is also a promising material in gas sensors [17] and catalysts for selective partial oxidation in modern industry [18, 19] direction. The stacking of these layers along the [010] direction by the van der Waals interaction leads to the formation of MoO 3 with a two-dimensional structure, which allows guest atoms and ions (such as Li + ) to be introduced between the layers through intercalation [21] . In practical use for the Li battery, MoO 3 has poor ionic and electronic conductivity [22] . To improve the conductivity of MoO 3 , carbon nanotubes [11, 23] , graphene [24] , or conducting polymer [25, 26] could be the best choices of conductive fillers. Very recently, it was suggested that graphene, a new two-dimensional nanomaterial composed of sp 2 -hybridized carbon, could be employed as an excellent candidate for the preparation of metal oxide − graphene nanocomposites due to its high conductivity, large surface area, flexibility, and chemical stability [27] . Metal oxide-graphene nanocomposites that have been prepared with different morphologies for specific applications include nanoparticle-graphene hybrids such as Fe 3 O 4 -graphene [28] [29] [30] , NiO-graphene [31, 32] , SnO 2 -graphene [33] [34] [35] and LiFePO 4 -graphene [36, 37] .
There are several reports on the hydrothermal synthesis of MoO 3 nanostructures to produce materials with high purity, homogeneity, good crystallinity, and unique properties [20, [38] [39] [40] . Microwave irradiation can be used as an alternative heat source for the hydrothermal process [41, 42] . It leads to a rapid heating to attain the desired temperature in a short time and increases the reaction kinetics compared to the conventional hydrothermal method. In a microwave-assisted hydrothermal reaction, the heating rate is extremely rapid, due to the dielectric property of the medium or solvent [41, 42] . Recently, Phuruangrat et al. [43] reported MoO 3 nanowires 50 nm in diameter and 10-12 μm in length that were synthesized by the microwave assisted hydrothermal method with cetyl trimethylammonium bromide (CTAB) as the surfactant-template.
Here, we present a new method to synthesize high quality MoO 3 nanobelts from commercial bulk MoO 3 without a surfactant-template and combine them with graphene via a two-step microwave hydrothermal method for fabrication of highly flexible free-standing MoO 3 /graphene films. The free-standing MoO 3 nanobelt/graphene films prepared by the above method followed by the vacuum filtration technique were investigated as a cathode material for bendable Lithium batteries and compared with MoO 3 nanobelt films prepared by a similar method but with no graphene.
Experimental

Preparation of MoO 3 nanobelt/graphene composite
The MoO 3 nanobelt/graphene composite was synthesized by a two-step microwave hydrothermal method. Graphene oxide (GO) was prepared from natural graphite powder (Fluka) by a modified Hummers' method with additional KMnO 4 [44] . In a typical synthesis, 20 mg of GO was dispersed in 100 mL deionized water and sonicated for 30 min to yield graphene oxide nanosheets. After sonication, 100 mg NaOH (Sigma-Aldrich) and Controller. After naturally cooling to room temperature, the product was washed several times with distilled water.
Preparation of free-standing MoO 3 /graphene film
To make a uniform film, a modified vacuum filtration technique was adopted [45] , where a 300 ml filter funnel (Glasco) was used. In a typical procedure, 2 mg/ml of MoO 3 /graphene material was dispersed into 50 ml of distilled water. Then, the as-prepared suspension was poured into the funnel and filtered through a porous polyvinylidene fluoride (PVDF) membrane (Millipore, 0.22 μm pore size, 47 mm in diameter) by positive pressure from a vacuum pump. Since the solvent passed through the pores of the membrane, the MoO 3 /graphene material was trapped on the membrane surface, forming a mat. The resultant mat, together with the PVDF membrane, was then dried in an oven for 2 h, and the mat could finally be peeled off from the membrane.
Structure and morphology analysis
X-ray diffraction (XRD) data for phase analysis was obtained using a GBC MMA generator and diffractometer with Cu Kα radiation. Raman spectroscopy was conducted using a JOBIN YVON HR800 Confocal Raman system with 632.8 nm diode laser excitation on a 300 lines mm -1 grating at room temperature. This was performed in order to confirm the presence of graphene in the nanobelt products and to further investigate the 
Electrochemical measurements
To test the electrochemical performance of the MoO 3 /graphene film as cathode, square model electrodes were cut off from the obtained free-standing film and then dried at The system is capable of switching between charge and discharge automatically, according to the pre-set cut-off potentials. The cells were cycled between 1.5 -3.5 V with a constant current of 100 mA g -1 . Cyclic voltammetry (CV) was performed using a VMP3 Biologic electrochemistry workstation at a scan rate of 0.1 mV s -1 .
Results and discussion
MoO 3 nanobelts are synthesized by microwave hydrothermal treatment using hydrogen peroxide, which is found to be a rapid and facile method for the preparation of indicating that the bare MoO 3 remains stable over the entire temperature range. As the MoO 3 remains stable over this temperature range, any weight change is believed to correspond to the oxidation of graphene [49] . Therefore, the change in weight before and after the oxidation of graphene directly translates into the amount of graphene in the MoO 3 /graphene film. By the use of this method, it is estimated that the amount of graphene is approximately 30 wt.%.
Field emission SEM (FESEM) observations of the MoO 3 nanobelts and the
MoO 3 /graphene film are presented in Fig. 2 . The FESEM secondary electron image of the pristine MoO 3 nanobelt film ( Fig. 2(a) ) shows uniformly straight nanobelts ~200-800 nm in width and several micrometers in length. A side view of the MoO 3 film (Fig. 2(b) )
indicates that the MoO 3 film is composed of a very densely packed layers, so that the thickness of the flexible electrode is around 50 µm. On the other hand, the MoO 3 /graphene film ( Fig. 2(c) ) shows a similar morphology to that of the MoO 3 , with the nanobelts lying on the stacked grapheme sheets. Photographs of as-prepared free-standing MoO 3 /graphene films peeled off from PVDF membranes are shown in Fig. 2(d) . The MoO 3 /graphene paper is flexible, so that it can be bent to any curvature without breaking off and then returned to its original shape, while still maintaining its useful properties.
TEM and HRTEM (Fig. 3) reveal further information about the morphology and structure of the MoO 3 /graphene films. Morphologies comprise either individual belts (Fig   3(a) ) or groups of thin belts lying on layers of graphene, as indicated in Fig 3(b) and the associated high magnification inset. Bright field imaging combined with selected area electron diffraction investigations (Fig 3(c) The initial charge-discharge profiles for the MoO 3 and MoO 3 /graphene composite electrodes at charge/discharge rates from 100 to 2000 mA g -1 are shown in Fig. 5(a-b) and MoO 3 /graphene film electrodes, respectively. The discharge capacity decreases for all samples with increasing current density, and for the MoO 3 sample, the difference between the two plateaus becomes larger. The MoO 3 sample delivers sloping charge/discharge curves instead of a flat plateau (Fig. 5(a) ) compared to the MoO 3 /graphene sample, which still maintains a flat plateau in its charge/discharge curves even at the current density of 1000 mA g -1 . In addition, the MoO 3 /graphene sample shows that the separation between the redox couple is small, and the CV curves for the second and third cycles generally overlap, suggesting the good reversibility of lithium ion insertion/extraction in the van der Waals spacings of the MoO 3 /graphene sample.
The cycling performance of the MoO 3 /graphene at 100 mA g -1 with that of the MoO 3 in the voltage range of 1.5-3.5 V is demonstrated in Fig. 5(c) . The MoO 3 /graphene electrode shows a higher capacity and better cycling performance. After 100 cycles, the discharge capacity for the MoO 3 /graphene electrode is measured to be 172 mAh g −1 at 100 mA g -1 (59% of initial discharge capacity), with an initial coulombic efficiency of 98%
( Fig. 5(d) ). On the contrary, the discharge capacity for the MoO 3 electrode was only 101 mAh g −1 (32% of initial discharge capacity) at 100 mA g -1 , with an initial coulombic efficiency of 96%. The high capacity and good cycling performance delivered by the MoO 3 /graphene electrode can be attributed to the graphene in the MoO 3 /graphene film electrode, which evidently aids the Li + intercalation into the Li x MoO 3 lattice of the MoO 3 /graphene electrode, by improving both the accessibility for Li + ions and the electrical conductivity [26] . Graphene in the MoO 3 /graphene film electrode can connect the isolated MoO 3 nanobelts and gives rise to valid conductive networks in the electrodes.
Electrochemical impedance spectroscopy (EIS) measurements are carried out in order to compare the conductivity of the prepared MoO 3 and MoO 3 /graphene electrodes.
To achieve stable solid electrolyte interphase (SEI) formation and the percolation of electrolyte through the electrode materials, the impedance measurements are performed after running charge-discharge for 5 cycles at a discharge potential of 2.5 V vs. Li/Li + . The
Nyquist plots of the two electrodes, as well as the fitting results using an equivalent circuit are depicted in Fig. 6(a) . In this equivalent circuit (inset), R Ω and R ct are the ohmic resistance (total resistance of the electrolyte, separator, and electrical contacts) and chargetransfer resistance, respectively. CPE is the constant phase-angle element, involving double layer capacitance, and W represents the Warburg impedance, reflecting the solidstate diffusion of Li ions into the bulk of the active materials, which is associated with the inclined line at low frequencies [53] . It can be seen clearly that the R ct is much smaller for 
Conclusions
In this work, free-standing flexible MoO 3 /graphene film electrode is prepared by a two-step, ultra-fast, microwave hydrothermal method and then followed by vacuum filtration technique. The hybrid material, consisting of a layer-structured metal oxide, 
